The kinetics of oxidation of a Coal-to-Liquid (CtL) Fully Synthetic Jet Fuel (FSJF) was studied using three complementary experiments operating over a wide range of conditions: a jet-stirred reactor (p = 10 bar), constant mean residence time of 1 s, over the temperature range 770-1070 K, and for equivalence ratios ϕ = 0.5, 1.0, and 2.0; a shock-tube (p ~ 16 bar, temperature range between 900 and 1400 K, ϕ = 0.5 and ϕ = 1), and a conical flame burner (preheat temperature T 0 = 473 K, and for two pressure regimes: p = 1 bar for equivalence ratios ranging from 0.95 to 1.4, and p = 3 bar for equivalence ratios ranging from 0.95 to 1.3). Concentration profiles of reactants, stable intermediates, and final products in the jet-stirred reactor were obtained by probe sampling followed by on-line and off-line gas chromatography analyses and on-line Fourier Transformed Infra-Red spectrometry. Ignition delay times were determined behind reflected shock waves by measuring time-dependent CH* emission at 431 nm. Flame speeds were determined by applying the cone angle method.
INTRODUCTION
Presently, the largest part of the energy used worldwide − electric power generation, heating, ground transportation, and aviation− is based on fossil fuels. In the last decade, alternative energy resources became increasingly important for several reasons, mainly to combat greenhouse emissions, but also to ensure security of supply and a lower increase of costs for energy by reducing fuel import dependency.
The aviation sector is also becoming part of the efforts finding alternatives to fuels stemming from fossil sources. In 2011, the European Commission has launched the European Advanced Biofuels Flight Path, an industry wide initiative to speed up the commercialization of aviation biofuels in Europe 1 . The "European Advanced Biofuels Flight Path" initiative is a roadmap with clear milestones to achieve an annual production of two million tons of sustainably produced biofuel for aviation by 2020.
For these reasons, the commercial aviation sector is looking into alternative solutions, as blends or full substitution to kerosene. However, introducing new jet fuels in aeronautics is a great challenge, in particular with respect to the technical requirements: Aircraft needs are very strict and specific, with more severe constraints (e.g. freezing point, energy density, flash point, flammability limit, amount of aromatics…) 2-3 compared to any other transport means.
Hence, any aviation fuel must be characterized and, with respect to its physical and chemical properties, to ensure a safe and reliable operation for the whole flight envelope. A further restriction is to proof that any newly developed alternative aviation fuel is fully compatible with today's airframe components and aero-engines, due to their long lifetime cycle.
Hence, it is of utmost importance to expand our knowledge on synthetic jet fuels not only with respect to the experimental characterization of the fuel properties but also with respect to modeling capabilities enabling predictive computational fluid dynamics simulations. To best optimize synthetic jet fuel mixture applications in practical combustors, the combustion characteristics of these fuels must be well understood. One of the most important fundamental 6 combustion characteristics of any fuel, besides ignition delay time, is the laminar flame speed, as a mean for describing heat release. This knowledge enables avoiding conditions where selfignition or flashback may occur. These data must be known reliably over a wide range of temperatures, pressures, fuel compositions, and fuel-air ratios.
Till now, very limited data exist for the combustion of synthetic jet fuels. Kerosene is a complex mixture of numerous components, belonging to different chemical families; see e.g. [4] [5] . This is true also for fuels which may serve as alternatives (as blends or full substitution) to kerosene.
For small hydrocarbons (methane 6 , propene 7 ), synthetic gas mixtures (methane/CO 8 and CO/H 2 9 ), and higher hydrocarbons (n-decane 10 , kerosene 2 ), laminar flame speeds have been reported. These data are needed for validating sub-models incorporated in detailed chemical kinetic models describing the combustion of conventional and synthetic kerosene.
Flame speeds of Jet A-1 and other conventional fuels have been determined at atmospheric pressure with counter flow burner 11 and stagnation flame burner 12 ; for comparison, alternative fuels have been studied too, S-8 and GtL 11 , as well as palm oil methyl ester and mixtures with Diesel and Jet-A1 12 . At ambient pressure also, flame speeds of components of jet fuel surrogates have been determined in counter-flow configuration, e.g. cyclohexane and alkylated cyclohexanes 13 , mixtures of n-dodecane with methylcyclohexane and toluene 14 . The influence of pressure on flame speed of Jet A-1 has been studied in an explosion vessel in the range from 1 to 4 bar 15 .
To extend this database, the kinetics of oxidation of a CtL jet fuel was studied in a jetstirred reactor (JSR) at 10 bar, over a range of temperatures and equivalence ratios. Burning velocities of CtL-air mixtures were measured by applying the cone angle method 5 , 16 . The experiments were performed at ambient and elevated pressure, for a preheat temperature of 473 K and for stoichiometric to rich mixtures. The measured burning velocities were compared with laminar flame speeds predicted by a detailed reaction model developed earlier 7 17 . We also studied the ignition characteristics of CtL/synthetic air mixtures diluted in nitrogen and of a CtL-surrogate blend 18 . The measurements were made at initial pressures of ~ 16 bar for two equivalence ratios and were compared with the predictions of the same detailed reaction model. The data obtained will be compared with those of Jet A-1 19 . Thus, this work complements the latest developments on alternative jet fuel surrogate formulations and reaction models 20-21 .
EXPERIMENTAL
To understand the combustion of a fuel within an aero-turbine one has to take into account several aspects. Within the current work, we focus on the oxidation of the fuel and the formation of pollutants as well as on major combustion properties, i.e. burning velocity and ignition. These processes are taking place over a range of temperatures, pressures, and fuel-air ratios being considered among the most important parameters for operating an aero-turbine.
For each of these parameters, a powerful experimental test rig was chosen: jet stirred reactor (oxidation, formation of pollutants), shock tube device (self-ignition of the fuel), and flame test rig (laminar flame speed). Each test rig was used for the investigation of several fuels, all of these investigations contributing to the development and optimization of a detailed reaction model. In all the experiments (JSR, shock-tube, and flame) we used the same fuel: a CtL 28 .3% di-/tri-naphthenes, 4% mono-aromatics, 9.6% naphthenoaromatics).
Jet stirred reactor.
The experiments were performed in a JSR set-up [22] [23] [24] used earlier.
The reactor consists of a 39 cm 3 sphere (4 cm diameter) made of fused-silica to minimize wall 8 catalytic reactions. It is equipped with 4 nozzles of 1 mm i.d. for the admission of the gases which are achieving the stirring. A 100 l.h -1 nitrogen flow was used to dilute the fuel. As before [23] [24] , to minimize temperature gradients, before injection, all the gases were preheated at a temperature close to that in the JSR. A regulated heating wire of ~1.5 kW (Thermocoax) maintained the reactor temperature at the selected working temperature. The reactants were mixed just before the entrance of the injectors. Nitrogen (<50 ppm of O 2 ; <1000 ppm of Ar;
<5 ppm of H 2 , all supplied by Air Liquide) was used as diluent and high purity oxygen (99.995% pure, Air Liquide) was the oxidizer. All the gases were delivered using mass flow controllers (Brooks 5850TR and 5850E). A Shimadzu LC10 AD VP pump with on-line degasser (Shimadzu DGU-20 A3) was used to deliver the fuel to a temperature-controlled atomizer-vaporizer assembly maintained at 523 K.
Thermal homogeneity along the vertical axis of the reactor was measured for each experiment using a 0.1mm Pt-Pt/Rh 10% thermocouple located inside a thin-wall silica tube.
The reacting mixtures were probe sampled using a fused-silica low pressure sonic probe. The samples (~4-6 kPa) were taken at steady temperature and residence time. They were analyzed on-line by gas chromatography-mass spectrometry (GC-MS Saturn 2000, Varian) and Fourier
Transformed Infra-Red spectrometry (FTIR), and off-line, after collection and storage in 1 l Pyrex bulbs, by GC. Permanent gases and high vapor-pressure compounds were analyzed offline by GC whereas low vapor-pressure compounds were analyzed on-line by GC. The experiments were performed at steady state, at a constant mean residence time, the reactants continually flowing into the reactor while the temperature of the gases inside the reactor was varied stepwise. A high degree of dilution was used, reducing heat release, temperature gradients (gradients of ~1 K.cm -1 ) in the reactor, and preventing flame occurrence in the JSR.
The operating pressure was manometrically measured at the exhaust using a high precision gage. GCs equipped with capillary columns (DB-5ms: 30m and 0.32mm i. Helium was used as the main driver gas, and argon (Ar) was added to match the acoustic impedance of the driver gas. The exact mixture ratio was accomplished by two Bronkhorst ® EL-FLOW ® mass flow controllers (accuracy 0.5% of the measurement value and + 0.1 % of the maximum flow, respectively). These tailored conditions allow longer measurement times 25 . The driven section was heated to 433 K and pumped down to pressures below 10 -4 mbar by a turbomolecular pump. Gas mixtures were prepared manometrically in a 5 l stainless steel vessel heated to 553 K and evacuated using a separate turbo molecular pump to pressures < The burner test rig consisted of the burner housing with the flame holder, mass flow controllers (MFC, Bronkhorst) for regulating oxygen and nitrogen flows, the fuel metering pump (HPLC pump, Shimadzu, Prominence LC-20AD), the fuel evaporator 28 , and the homogenizing and cooling section. 16, 29 In order to avoid thermo-oxidative degradation, the fuel was deoxygenated by helium sparging. The fuel was vaporized at temperatures up to 600 K and mixed with the preheated nitrogen flow. As shown by Edwards and Atria 30 , thermal degradation and cracking of deoxygenated fuel is negligible at temperatures up to 600 K and maximum storage time of 15 11 min 30 . This was confirmed within the present work, as the prepared mixtures for measuring the ignition delay time were stable at least for 30 minutes according to GC analysis.
All parts containing pure vaporized fuel or nitrogen were heated to 570 K. The ratio of nitrogen to oxygen flow was set to 79:21 (vol%.) in order to mimic fuel-air mixtures. After combining fuel and nitrogen flow, the mixture was cooled down to 460 K before oxygen addition in order to avoid premature ignition. Then, the nitrogen-fuel and the oxygen flow were mixed and homogenized. The parts containing nitrogen/oxygen (air) fuel mixtures were heated to 460 K. By controlling the temperature of the flame holder, the unburned air fuel mixture was preheated to the desired value.
Premixed conical shaped flames were stabilized above nozzle flame holders. In order to stabilize flames at variable fuel air ratios, nozzles with different diameters were used. Digital images of the flames were captured with a CCD camera (La Vision, Imager Pro Plus 2M, 1200x1600 Pixel). From these images, contours were extracted and cone angles calculated.
Values of S u were derived from the cone angle α and the velocity v u of the unburned gas based on the nozzle diameter and the volumetric flow rate ( was opened, or the contour wrinkled 29 . The accuracy of the method of determining burning velocities, on one hand, is limited by deviations of the following factors: temperature and mass flow of unburned gas mixture; pressure; determination of cone angle and orifice area of the nozzles. The error of each of these values was ~1 to 1.5%, resulting in an overall error of up to 5% with respect to the burning velocity. The maximum error of the equivalence ratio ϕ (x-axis) of ± 2% is caused by deviations of the oxygen and fuel flows from desired values. 12 Furthermore, on the other hand, a methodical error of the cone angle method exists given by flame strain and curvature 31 and by a possible deviation of flow pattern from ideal plug flow 32 . In ref. 33 , flame speeds obtained by various methods were compared, including nozzle burners with conical flames and button shaped flames, closed vessel combustors, and counter flow burners. Depending on heat conductivity and diffusivities of the components of the gas mixtures, flame speeds derived from cone angle measurements may differ from those obtained by more exact stretch corrected measurements (see discussion in 29 ).
The stretch rate K (s -1 ) of a flame is given by:
at which A is the unit area of the flame front. In case of conical shaped premixed flames, K can be formulated as:
.
Markstein 34 gave a relation between measured stretched burning velocity Su and the stretch rate K:
where
Here, S n is the unstretched burning velocity, r the relevant flame radius, L the Markstein length, Ma the Markstein number, δ thickness of flame front, and ν kinematic viscosity of unburned gas 35 . Vukadinovic et al. 35 have determined Markstein numbers of Jet A-1/air mixtures and alternative jet fuel (GtL -Gas to liquid)/air mixtures by means of spherical expanding flames for equivalence ratios between ϕ = 0.7 and ϕ = 1.4. The Markstein numbers obtained are strongly depending on the equivalence ratio. Therefore, based on their Markstein numbers, the burning velocities measured in the present work are assumed to differ from 13 stretched corrected values: up to -10% in the fuel rich regime (ϕ = 1.4) and up to + 5% higher at stoichiometric conditions.
MODELING
The kinetic modeling was performed using the CHEMKIN II package [36] [37] . We used the PSR computer code 38 that computes species concentrations from the balance between the net rate of production of each species by chemical reactions and the difference between the input and output flow rates of species. Isothermal computations were performed. These rates were computed from the kinetic reaction mechanism and the rate constants of the reactions calculated at the experimental temperature, using the modified Arrhenius equation, k= A T b exp (-E/RT). The rate constants for reverse reactions were computed from the corresponding forward rate constants and the appropriate equilibrium constants, K c = k forward / k reverse , calculated from thermochemistry 17 .
Concerning the shock tube experiments, kinetic modeling was performed using a Multiple Plug Flow Reactor (MPFR) code based on the CHEMKIN II package 37, 39 . MPFR is an extension to SENKIN developed at DLR Stuttgart to take into account gas dynamic effects causing pressure and temperature variations, decoupled from the effects of heat release, The same composition was used in all the computations presented here. The model fuel composition was chosen on the basis of multidimensional GC and GC/MS analyses (iso-36.3% alkanes −mainly C 10 to C 12 , 5.7% n-alkanes −mainly C 9 to C 11 , 16.1% mononaphthenes −mainly C 9 to C 13 , 28.3% di-/tri-naphthenes −mainly C 10 to C 15 , 4% monoaromatics −mainly C 10 to C 13 , 9.6% naphthenoaromatics, all in mass %) and previous studies on SPK (synthetic paraffinic kerosene) and SPK/Jet A-1 oxidation 17 . Iso-octane is more branched than iso-alkanes present in the CtL fuel (mostly mono methyl-alkanes). Therefore, less iso-octane is needed to represent the iso-alkane fraction of the fuel 17 . Also, carbon chains present on cyclic compounds increase their reactivity. To take this parameter into account, the fraction of n-alkanes must be increased significantly while reducing that of naphthenes. Therefore, the model fuels compares reasonably well with the CtL: paraffins 42% vs. 54% in the model (difference: +29% in the model to account for side chains present in cyclic compounds); naphthenes: 49% vs. 36% in the model (difference: -26% in the model to account for side chains present in cyclic compounds); aromatics 10% vs. 10% in the model.
The proposed kinetic reaction mechanism consisting of 8217 reactions involving 2185 species is available from the authors.
RESULTS AND DISCUSSION

Jet stirred reactor.
The kinetic of oxidation of 1000 ppm of CtL was studied at 10 bar in a JSR, over the temperature range 550 to 1150 K, and at a mean residence time of 1 s.
The experiments were performed at three equivalence ratios φ = 0.5, 1.0, and 2.0 (Figs. 3-5 ).
Under these conditions, the fuel reacted rapidly, yielding hydrocarbon intermediates (mostly methane and olefins) and oxygenates (mainly formaldehyde and CO Their mole fractions were larger under high-temperature oxidation regime than under coolflame conditions. 9.3x10 -6 4.6x10 -6 9.7x10 -6 6.7x10 -6 2.4x10 -6 9.3x10 -6 4.5x10 -5 1.1x10 -5 3.6x10 -6 1.1x10 -5 3.6x10 -6 1.4x10 -6 5.5x10 -6 4.3x10 -7 The present data were compared to data obtained earlier for the oxidation of a typical Jet A-1. As can be seen from most important products (see Table 2 ) are reported, the proposed model represents fairly well the data, although model improvements could be obtained under cool flame conditions. Such improvements should be achievable by using a more complex model fuel composition that would unfortunately increase the complexity of the kinetic reaction mechanism.
Reaction paths analyses indicated that the model-fuel components are mainly oxidized by metathesis with OH radicals, and CtL differ also not very much, but give significantly longer ignition delay times compared to the experiments. 21 In general, simulations with detailed chemical kinetic reaction models might exhibit quite large differences in the prediction of the ignition delay times due to different n-alkane sub models, because the ignition delay is dominated mainly by n-alkanes oxidation in these types of fuels. Therefore, simulations of the ignition delay time with n-decane as single compound were also performed; they agree very well with the values of the CtL surrogate (see Fig. 9 ).
Experiments and simulation show that the addition of iso-alkanes, naphthenes, and aromatics in reasonable amounts has only a minor influence on the ignition delay time. Thus, the addition of further compounds to the surrogates, which are important to represent characteristic properties like derived cetane number, smoke point, aromatic content, sooting propensity and boiling behavior, do not significantly influence ignition. Basically, the combustion characteristics are well-predicted if the n-alkanes sub-mechanism is correct. Figure 10 The experimental data exhibit the major expected trends as a function of equivalence ratio and pressure. Also, the measured burning velocities are higher by up to about 15% within the range of equivalence ratio 1.0 to 1.2, in agreement with Ji et al. 11 . However, the laminar conical shaped flames were stabilized over a limited range; practically no data points could be determined for fuel-lean mixtures. Therefore, the expected "bell-shape" curve was not observed. 22 In general, the agreement between predicted and measured data is reasonable. resulting from the combustion of large alkanes also show some sensitivity to the flame speed.
Burner.
The reactions involving higher hydrocarbons were found relatively insensitive.
CONCLUSIONS
For the first time, the kinetics of oxidation of a Coal-to-Liquid Fully Synthetic Jet Fuel The oxidation of this CtL-jet fuel under these conditions was modeled using a detailed kinetic reaction mechanism and simple surrogate model fuel (n-decane, iso-octane, npropylcyclohexane, and n-propylbenzene). A reasonable representation of the kinetics of oxidation of the jet fuel was obtained. Future modeling improvements could be achieved by using a more complex model fuel involving more realistic alkanes and naphthenes for which the kinetics has recently been proposed [43] [44] [45] [46] [47] .
Within the parameter range studied, the measured data of burning velocity and ignition delay time agree with data obtained earlier for petrol-derived kerosene. The information on the laminar flame speed can have some impact on the jet turbine burner design and the combustor as the flame will be stabilized at different heights above the burner depending on the flame length and therefore heat load of the walls or the recirculation zones may change.
The knowledge on ignition delay times allows a better estimation of the risk of flashback or auto-ignition occurrence.
Our findings support the potential of the CtL mixture investigated to serve as an alternative aviation fuel. The results of the present study will contribute to optimizing synthetic jet fuel mixtures for practical combustors.
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